INTRODUCTION

23
The retention of hydrocarbons (HC) in shale is controlled mainly by the sorption capacity of its organic 24 matter (Baker, 1962 ; Tissot et al., 1971; Stainforth and Reinders, 1990; Pepper, 1992) , and a retention 25 threshold of 100 mg HC/g TOC (total organic carbon) has been proposed, irrespective of organic matter type 26 and thermal maturity (Sandvik et al., 1992; Jarvie, 2012) . Clay minerals, especially illite (Schettler and 27 Parmely, 1991), have also been documented as possessing micropore structures capable of sorbing gas 28 (Gasparik et al., 2012) . In addition to sorption on particle surfaces, petroleum storage in the pores of either 29 organic (Loucks et al., 2009) or inorganic (Han et al., 2015) origin have been documented, as well as natural 30 fractures (Lopatin et al., 2003; Pollastro, 2010) . 31 Organic pore development is believed to be largely due to the thermal cracking of kerogen (Jarvie et al., 32 2007; Loucks et al., 2009 ) and/or bitumen (Bernard et al., 2012b) , though primary organic pores have been 33 observed within immature organic matter as well (Löhr et al., 2015; Pommer and Milliken, 2015) . The ability 34 to predict the porosity evolution of shales as a function of thermal maturation is critical for successful well 35 placement during the production of gas from shale resource plays, yet a comprehensive literature review 36 reveals that the formation of secondary organic pores is only poorly understood. 37 Here we provide new insights into how oil retention and porosity evolution are related to changing 
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According to this theory, kerogen is believed to behave analogously to organic polymers, which are capable of 42 absorbing significant quantities of oils by swelling. According to the model by Kelemen et al. (2006a) , the 43 bitumen retained in a given mass of Type-II kerogen first increases with increasing maturity until the 44 maximum sorption capacity (209 mg/g TOC) is exceeded, and then declines. The first increase of bitumen 45 in-place corresponds to the start of hydrocarbon generation in the early oil-window. With increasing maturity, 46 the cracking and releasing of bulk labile hydrocarbon moieties from kerogen structures might most likely 47 leave behind a more rigid and aromatic kerogen residue (Horsfield, 1989) , accompanied by a decreasing 48 ability for swelling (Ertas et al., 2006) . Therefore, we can further deduce that the decrease of swelling ability is 49 also accompanied by an increase in kerogen density (shrinkage), which is most likely brought about by bulk 50 petroleum release, and then probably resulting in the formation of organic pores. 51 In the current study, and with central reference to the Posidonia Shale, a suite of techniques including 52 Rock-Eval pyrolysis, mercury injection capillary pressure (MICP) porosimetry, focused ion beam (FIB) 53 combined with transmission electron microscopy (TEM) and scanning electron microscopy (SEM) were 54 applied to study the relationship between oil retention and porosity evolution. Helium pycnometry was used to 55 detect the density of isolated kerogen from Posidonia Shale (Rexer et al., 2014 and Loucks, 2015) a general model of oil retention and organic pore development has been built for these 58 shales which contain Type-II organic matter with broadly similar structures (Behar and Jarvie, 2013) .
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MATERIALS AND METHODS
60
Samples 61
The Posidonia Shale is one of the most widespread and economically important source rocks of Western 62 Europe (Littke et al., 1988 Figure 1A ). These six wells represent a 70 maturity sequence from 0.48 to 1.45% Ro (Jochum et al., 1995; Bernard et al., 2013) , with only minor 71 variations in organic geochemical composition and mineralogy (Littke et al., 1988; Rullkötter and Marzi, 72 1988), although the maturation history has been a matter of dispute (Gasparik et al., 2014 ). Here we base the 73 interpretation of our results on the assumption that the organic matter was never deeply buried (<1800 m; 74 Figure 1B) but thermally altered by a deep seated igneous intrusion (Littke et al., 1988; Düppenbecker, 1992;  75 Jochum et al., 1995; Gasparik et al., 2014) , the Vlotho Massif, of Turonian age (93.6-88.6 Ma). Thus, the 76 compaction of the Posidonia Shale has not proceeded since that time.
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The Mississippian Barnett Shale is one of the most well-known shale gas plays in the United States (Jarvie Shale is a typical marine source rock, with abundant biogenic-derived quartz (Bowker, 2003 The porosity measurements were carried out using mercury injection capillary pressure (MICP) 93 porosimetry and helium pycnometry as described in detail in Rexer et al. (2014 Energy-dispersive X-ray spectroscopy (EDXS) analysis was carried out using an EDXS X-ray analyser with 103 ultra-thin window. Most foils are extracted from cores directly, but two foils are extracted from thin sections 104 to target porous fossils (sponge spicules). Scanning electron microscopy (SEM) was performed in the way 105 described in Bernard et al. (2013) .
106
Oil Retention 108
The total amount of oil retained in a given shale can be quantified using Rock-Eval data from original and nominal temperatures at or below 300 °C, which is about 40 °C lower than the true temperature in the oven 113 when using Rock-Eval 2 instrument. S2 is the yield of pyrolysis products generated at a temperature up to 650 114 °C. Because the calculated amount of total-oil and the S1 value of unextracted rocks are strongly correlated 115 (Han et al., 2015) , S1 has been used in the ensuing discussions as a proxy for the retained oil concentration.
116
Note that the proportion of S1 to total-oil may vary depending on the maturity level. Here we draw attention to the fact that a qualitatively and quantitatively very similar retention pathway is In support of this hypothesis, we note here that the reported density increase of Type-II kerogen at Tmax of Extending that concept, it can be deduced that the lower the degree of swelling, the higher the density of 161 the kerogen. For the Posidonia Shale, the density of isolated kerogen (Rexer et al., 2014) ). Thus, a weaker sorption/swelling ability can be inferred for inertinite, which might explain the weaker 170 sorption control of inert over labile kerogen (Han et al., 2015) . Nevertheless, it should be noted that inert 171 kerogen is not necessarily identical to inertinite but, as opposed to labile kerogen, represents only the fraction 172 of kerogen which does not generate petroleum (Cooles et al., 1986) . 173 Overall, it is the organic matter properties, i.e. richness, composition and thermal maturity that control the 174 oil retention in general. In organic-rich shales, the retention of oil is primarily controlled by the TOC content, aromatic kerogen residue (Horsfield, 1989) , the TOC normalized concentration of retained oil (S1/TOC×100) 181 shows a subsequent decrease.
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Porosity Evolution 183
The Posidonia Shale's porosity evolves with increasing maturation (Figure 5 ), from 5-17% for immature 184 Wickensen samples to 1-6% for oil-mature Harderode samples to 6-17% for overmature Haddessen samples.
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A similar evolution trend of porosity has also been reported for the New Albany Shale (Mastalerz et al., 2013) . Tmax, which may therefore contribute to the latter increase of porosity in the Posidonia Shale ( Figure 5) . 199 To further demonstrate the above hypothesis quantitatively, the volume change of organic matter with about 10 vol.% higher than that in the Wickensen well (64.90 vol.%) in Table 2. The TOC content must then   217 be diluted relatively by minerals [1.24 wt.%, Equation (4)]. Meanwhile, the high porosity seen in the immature 218 Wickensen well (14.03 vol.%) has been reduced by roughly 10 vol.% to 4.05 vol.% in the oil-mature 219 Harderode well. Cementation rather than compaction is responsible for the decrease of oil-mature Harderode 220 sample porosity. Those results are in line with the hypothesis that the studied wells have never been deeply 221 buried (<1800m; Figure 1B ) and that compaction of Posidonia Shale in the Hils Syncline area has not 222 proceeded since the initiation of thermal maturation by the deep seated igneous intrusion, Vlotho Massif 223 (Düppenbecker, 1992) . 224 Given that lateral facies variations between the studied Posidonia wells are only minor (Littke et al., 1988; 225 Rullkötter and Marzi, 1988), the oil-mature Harderode well is treated as the less mature precursor of the 246 In the investigated Posidonia Shale, a discrepancy in estimated maturity exists between Tmax and Ro values, 247 something which has been reported previously (Price and Baker, 1985; Peters, 1986) The appearance of secondary organic pores in the Barnett Shale is reported as being at 0.85% Ro, as 257 compiled in Table 3 . Other shales that span immature to overmature levels, show the occurrence of secondary (Table 4) . A 260 key piece of information retrieved from these data packages (Table 3 and Table 4 ) is that the development of 261 secondary organic pores seems to start at or around a maturity of 0.8% Ro. 262 If we envisage that the observed secondary organic pore space was originally occluded by oil/bitumen, the (Radke, 1988) . For Type-III kerogen, a higher maturity level 271 (>450 o C Tmax,0.82-0.90 %Rc) seems to be requested for bulk generation (Tissot et al., 1987) and expulsion 272 (Radke, 1988 ).
273
Gas Loss 274
Due to evaporative gas loss during sample storage and handling, C1 to C5 gas components are mainly 275 depleted in core samples (Larter, 1988; Sandvik et al., 1992) . Even though the gas loss (Price et al., 1983 ; 276 Larter, 1988; Sandvik et al., 1992) can be conceived as a contributor in shaping the OSI curves, such as that 277 we have presented here (Figure 4 and Figure 10) , it is important to note that the decrease in retained oil is not 278 derived by gas loss. To examine the role of gas loss, we have examined methane sorption data (Gasparik et al., 
Volumetric Calculation of Organic Matter 291
Previously, a constant value of 1.2 was used for the conversion of TOC (wt.%) into kerogen mass (Table   292 2). But we recognize that the content of carbon in total organic matter increases with increasing maturity Equation (7)] is almost identical to our previous result (7.34 vol.%).
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Compaction of Organic Pores 299
Notably, some deviations from the above interpreted trend of organic pore development can be gleaned Formation (Pommer and Milliken, 2015) , probably inherited from precursor biomass (Table 4 ). This kind of 302 primary organic pores is also observed in the immature Posidonia Shale ( Figure 11A) . Different from the 303 secondary organic nanopores, the primary micrometre-size organic pores detected here have regular walls and 304 an elongated shape that is aligned with the host particle. 305 Besides that, some gas mature shales exhibit an absence or paucity of OM-hosted pores (Table 4) Figure 11C ). In the latter cases organic matter is potentially protected by surrounding rigid 310 grains, one example being the organic matter stored in the chamber of sponge spicules ( Figure 11D ). This may 311 further explain the preferential sheltering of pores in areas between, within, and around rigid grains (Pommer 312 and Milliken, 2015), i.e. in the pressure shadows.
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CONCLUSION AND IMPLICATIONS
314
Oil retained in shales is present either in a sorbed state or in a free form within pores and fractures. Organic are not necessarily associated with the organic richest layers, but rather to porous biogenic matrices. 325 We believe that our observations and synthesis with key literature are consistent with organic pores being 326 formed by the shrinkage of kerogen, beginning for Type-II source rocks at around 0.8% Ro. assumed, but it is discussed in detail in the discussion chapter. 
